The Vietnamese power system has experienced instabilities due to the effect of increase in peak load demand or contingency grid faults; hence, using flexible alternating-current transmission systems (FACTS) devices is a best choice for improving the stability margins. Among the FACTS devices, the thyristor-controlled series capacitor (TCSC) is a series connected FACTS device widely used in power systems. However, in practice, its influence and ability depend on setting. For solving the problem, this paper proposes a relevant method for optimal setting of a single TCSC for the purpose of damping the power system oscillations. This proposed method is developed from the combination between the energy method and Hankel-norm approximation approach based on the controllability Gramian matrix considering the Lyapunov equation to search for a number of feasible locations on the small-signal stability analysis. The transient stability analysis is used to compare and determine appropriate settings through various simulation cases. The effectiveness of the proposed method is confirmed by the simulation results based on the power system simulation engineering (PSS/E) and MATLAB programs. The obtained results show that the proposed method can apply to immediately solve the difficulties encountering in the Vietnamese power system.
Introduction
Motivation. When the social, political, and technological aspects develop, the demand of electric power grows rapidly, resulting in the increase in the scale and complexity of power systems. Some characteristics, such as long transmission distances over weak grids, highly variable generation patterns, and heavy load, tend to increase the wide-area electromechanical oscillations. These oscillations threaten the secure operation of the power systems and if not controlled efficiently can lead to generator outages, line tripping, and even large-scale blackouts.
During over several decades, a number of electrical power systems in the world have been faced with the serious power system blackouts, such as Indian on July 30 and 31, 2012 [1] ; Dubai on June 9, 2005 ; Malaysia on Jan. 13 [2] [3] [4] [5] . Typically, the event is on August 10, 1996 , western blackout of Western Systems Coordinating Council (WSCC) interconnection, caused by the negative damping of the 0.25 Hz western interarea mode [6] . As a result, leading to the split of the system into four large islands, over 7.5 million customers experienced outages ranging from a few minutes to nine hours, and total load loss is 30,500 MW because of the poor oscillations damping. the measured and simulated power swings of this event. The measured data show that the standard planning models could be unreliable predictors of oscillatory behavior.
In recent years, the economic tempo in the Vietnam has been developed rapidly; the total load has increased continuously. Accordingly, the Vietnamese power system has been faced with the serious power system blackouts, such as on Dec. 27, 2006; July 20, 2007 ; Apr. 09, 2007 ; and the latest event on May 22, 2013 . All of the technical problems that the Vietnamese power system identified after these events had already been reported [7, 8] .
The power system oscillations occur in the power systems because of the contingencies, such as the grid faults and sudden load changes; the dampening of these oscillations is necessary for a secure system operation. If the controlled systems react quickly against faults, the power system stability will enhance significantly. The advanced power electronics has led to a new design called flexible alternating-current transmission systems (FACTS) by Electrical Power Research Institute (EPRI). The FACTS devices make more use of the exiting capacities in the power system and enhance the power system stability. For example, the parameters in the power system are controlled and the load flow is modified to preclude the overload of transmission lines after the grid faults. The FACTS devices are widely used to improve the efficiency of power system operation. However, the benefits derived from FACTS controllers, such as the small-signal stability and transient stability that depend greatly on their optimal placement in the power systems [9, 10] . Therefore, looking for the optimal placement of FACTS devices in the large-scale power systems is an interesting research topic.
State of the Science. The damping of electromechanical oscillations in the power systems is a matter to belong with power engineers and become one of the most interesting research topics [11, 12] . The PSSs are a profound influence solution on improving the power system stability. This solution is based on the excitation system and the generator speed deviation signals, in which the speed deviation is used as the supplementary control signals in order to provide to the automatic voltage regulators. The fast progress in the field of power electronics had contributed to the development of the electrical power industry based on the controllable utilization of FACTS [13] . This device can dampen both the local-and interarea oscillations [10] , whereas PSSs could only dampen the local-area oscillations [14] . Thus, FACTS is the best choice to enhance the stability margin of the existing power systems [9, 15] and especially to TCSC. This device is considered as one of the most effective FACTS and is widely used to regulate the power flow in transmission lines, dampen the power oscillations, mitigate subsynchronous resonance (SSR), enhance power system stability, and so forth by changing the reactance of transmission line [16] . There is hard sledding for the researchers regarding how to determine optimal location of FACTS.
The methods for solving location problems can be classified into two categories: (i) analytical techniques and (ii) heuristic optimization approaches [17] [18] [19] . Among heuristics, Particle Swarm Optimization (PSO) has some advantages as less control parameters, no require preconditions (continuity or differentiability of objective functions), and slow computational burden, which make it popular to solve optimal location and design problems of FACTS [20] [21] [22] [23] [24] . However, PSO had drawback as slow convergence in search stage and limit of local search ability; furthermore, the algorithm will not work out the problems of scattering and optimization [15] . Genetic algorithm (GA) has been proposed to solve optimal location and design problems of FACTS [9, 15, 19, 25] . This method has been applied to obtain promising results. However, downside of GA is that the requested run time is very long when studying the large-scale systems [26] . In [24] , optimal location of TCSC is determined via PSO whose objective is to maximize small-signal stability. In [9, 23] , a mathematical objective function is used to derive objective function for GA and PSO by considering the load-ability in the system security margins, respectively. In [27] , the authors used a method based on hybrid between PSO and GA for optimal allocation of TCSC to enhance voltage stability and reduce power system losses. The brainstorm optimization algorithm (BSOA) is new heuristic optimization algorithm proposed by the authors in [28] to seek the optimal location of For the analytical approaches, the modal controllability index has been developed by the authors in [29] to find suitable location of TCSC for dampening interarea model of oscillations. However, the authors consider the simulation with or without FACTS placed in the power system to calculate the maximum controllability index values corresponding to critical mode. Particularly, their main interest is in the input signals that do not know what is occurring at output of FACTS through observability index values. In [30] , Vaidya and Rajderkar used the sensitivity-based method and the authors in [31] applied real power flow performance index sensitivity to determine the optimal location of TCSC to enhance the power system stability. In [32] , the eigenvalue sensitivity method is utilized to find optimal location of controllable series capacitors for dampening power system location. The eigenvalue sensitivity values are calculated based on the modal controllability and observability indices of series reactance modulation. In [33] , the suitable location of series compensators is determined based on trajectory sensitivity analysis. The objective is to maximize the benefit of series compensators in order to improve the generator rotor angle stability. The energy method based on Gramian matrices is another technique developed by the authors in [34, 35] to determine the optimal setting of TCSC and static VAR compensator (SVC) obtained with promising result. However, the difficult of this method is when calculating the too large-scale power systems.
It is observed that most of existing methods in the previous literatures have been proposed recently for the location of FACTS. These methods have several drawbacks; firstly, the computation of critical modes may be questionable in case of large-scale power system since they may not be unique. Moreover, the computation of them also depends on the local or interarea modes. Secondly, the computation of participation factors is only based on the state variables and neglects the input-output behavior. Thirdly, it just focuses on analyzing the small-scale power systems. Therefore, in order to overcome these drawbacks, this paper is a continuation of [34] and combines the Hankel-norm approximation method to determine the best location for installing TCSC with objective for damping power system oscillation of the practical power system, to wit Vietnamese power system. It indicates that using the Gramian matrix-based method to calculate the complexity and large-scale power systems takes a lot of time since the system state matrix is very large. Therefore, the Hankel-norm approximation method [36] is proposed to solve such problem. The selection of the input signal for TCSC controller is an important consideration for seeking the optimal location to dampen the interarea oscillations, in which the line reactive and active power, line current, and bus voltage are all good selections. In this study, the active power in transmission line is considered as an effective input signal for TCSC controller. The contingency cases are considered based on the active power perturbation signals in the transmission lines that were selected on the basis of the real power line flow performance index (PI) introduced in [37] . In addition, in order to determine the parameters of the TCSC controller, the optimal method in [38] is also considered in this paper.
Contribution. In this paper, a relevant method for determining the optimal placement of TCSC controller is proposed to enhance the stability of large-scale power systems. This proposed method is developed from the energy approach based on the controllability Gramian matrix of the linearized system. The multimachine power system with TCSC controller is expressed in the form of a differential algebraic equation (DAE) model. The controllability Gramian matrix is obtained from the unique positive definite solutions of the Lyapunov equation and it depends on the control inputoutput and state matrixes of system. The optimal location is selected based on the maximum total Gramian energy calculated from the contingency outage cases (disturbance in lines) on the small-signal stability analysis that means the control input must insure the smallest control energy. In line with this purpose, the Hankel-norm approximation method is applied to reduce the number of state variables when dealing with large-scale power systems.
The main new contributions of this paper are summarized as follows:
(i) To develop a relevant method to determine the optimal location of FACTS on the small-signal stability analysis
(ii) To propose an association between proposed method and the Hankel-norm approximation method to limit the time calculation, so that the proposed method can be easily implemented for complexity and large-scale power systems.
The remainder of this paper is organized as follows: Section 2 addresses the principle of characteristics of the Vietnamese power system and the differential algebraic equation (DAE) model of the power system with and without TCSC controller. The proposed method for optimal location of TCSC controller based on the Gramian matrices and the Hankel-norm approximation method are introduced in Section 3. The case studies and conclusions are given in Sections 4 and 5, respectively. Finally, the algorithm for the transformation matrix can be found in the Appendix.
Theoretical Analysis

Characteristics of the Vietnamese Power
System. The Vietnamese 500 kV power system operated in 1994. The length of transmission line of about 1,500 km was connected from the HoaBinh to PhuLam power stations with total rating of 2,700 MVA. It reached the length of about 5690 km and total capacity of all the 500 kV substations of 22,800 MVA in 2015. Several areas of 500 kV transmission lines are compensated by shunt reactors of about 70% and series capacitors of about 60%. The total generation capacity of the Vietnamese power system could reach 60,000 MW by the end of 2020 [39] . The result of load flow calculation on the 500 kV power system is shown in Figure 2 . 
DAE Model of Power
System. The methodological method for dynamic modeling of general -machine and -bus power system has been described in [40] and is applied for this work. In this model, each synchronous generator is represented by two-axis flux decay dynamic model along with IEEE type I. The differential algebraic equation (DAE) model of the power system without TCSC controller can be expressed as follows:
in which sys , sys , and sys are, respectively, the state, algebraic, and input vectors and are defined as Next, the linearized model is given as [40] 
It can be identified as
] ,
Equation (3) can be changed to another form as follows [40] :
where
DAE Model of Power System with TCSC Controller
TCSC Controller.
The main role of TCSC is to control fast the active power flow, increase the power transfer on transmission line, and enhance the stability of the power system. The basic structure TCSC consists of a fixed series capacitor bank C in parallel with a thyristor-controlled reactor (TCR), as shown in Figure 3 (a). It can control the continuous power flow on the alternating-current (AC) line with a variable series capacitive reactance. This series reactance is adjusted through variation of firing angle ; the effective reactance tcsc depends on three regions: (i) inductive region, which starts increasing from / value to infinity ( ( ) = ); (ii) capacitive region, which starts increasing from infinity to capacitive reactance ; and (iii) resonance region, which occurs between these two regions. In order to avoid the resonance region, the steady state limits of the firing angle are chosen to be 90 ∘ ≤ ≤ 180 ∘ with the resonant point = 128.4
∘ . In this paper, for investigating power system stability after a fault, TCSC should operate in capacitive region and the limit of the steady state to the firing angle is chosen to be ≤ ≤ 180 ∘ , as shown in Figure 3 (c). The variable tcsc can be obtained by using some of the control strategies and the feedback signal of the TCSC controller. This feedback signal can be the signal of active power, reactive power, current of transmission line, or transmission angle [41] . In this paper, the main objective is to dampen the power oscillations. The active power signal in transmission line is chosen [42] and the control strategy for TCSC is shown in Figure 4 [34] .
The new equivalent impedance of the line, when placed TCSC, as shown in Figure 3 (b), can be obtained as [43] new line = line + tcsc (8) in which the relationship between the firing angle and the impedance of the TCSC at fundamental frequency can be derived as follows [44] :
where is the conduction angle, is the TCSC ratio. = is the reactance of the inductor, and = 1/ is the fixed capacitive impedance.
The Unification of TCSC Controller in Power System.
The TCSC has been instated on the transmission line between bases and of an -bus power system. The injected power flow into buses and is given ib the following equations [45] .
At bus ,
Similarly, at bus ,
where , , , and are the active and reactive powers injected at buses and , respectively. Also, , , , and are voltage magnitudes and phase angles of buses and , respectively. Δ and Δ depend on TCSC reactance and are given as
where line and line represent the resistance and reactance of the line, respectively, and tcsc is the optimal value of TCSC. The linearized model of TCSC is given as follows:
Incorporating (3) and (13), the DAE model of the multimachine power system with TCSC controller can be described as follows:
Therefore, (14) can be changed to another form as follows:
The Proposed Approach
Gramian-Based Controllability and Observability.
The system often has two properties, controllability and observability, which play an important role regarding the determination of the optimal location of TCSC in the power system. From that, the input and output variables need to be used in order to observe and control the system. Therefore, (16) can be redescribed in a state-space form as follows: Every actuator in the power systems is the energy that can be limited, such that controllability matrix has been used for the purpose of dealing with the amount of input energy. This input energy is required to reach a given state from the origin. The property of controllability of the system can be described in a quantitative manner by the controllability function. Typically, it is defined for dynamic system as the minimum input energy that necessary drives the system from state (− ) = 0 to state (0) = 0 and can be given as [46] ( 0 ) = minimize
It can be proven that the above system (17) has the transient controllability function, which is given as follows:
Remark 2. For the real dynamic system, ( 0 ) is large and the state 0 is difficult to reach. Thus, the system is uncontrollable.
Remark 3. Matrices and of the above system (17) are controllable in the time range ( 0 , 1 ), if and only if the controllability matrix Δ defined as (20) has full rank , where is the number of states. Notice that the controllability matrix has dimension × , where is the dimension of the input vector .
Remark 4. Matrices and of the above system (17) are controllable if and only if the controllability Gramian matrix 8 Complexity ( ) on horizon T defined as (21) has full rank and is positive definite.
3.1.2. Observability. The system states are the internal variables, which are hard to directly measure but the outputs can be measured easily at the same time. The observability property plays an important role in the analysis of optimal location.
Definition 5. System (17) is observable over the interval [ 0 , 1 ], if any states 0 , 1 ∈ R, there exists the output ( ):
0 ≤ ≤ 1 < ∞, assuming that the input ( ) is known; this is true: the system is observable despite the initial time and state.
The observability property of the system can be characterized in a quantitative manner by the observability function. It is defined for dynamic system as output energy generated by the state (0) = 0 (when = 0) and is given as [46] 
It can be proven that system (17) has the transient observability function, which is given as follows:
Remark 6. For the real dynamic system, ( 0 ) measures the effect of the initial condition on the output; if ( 0 ) is small, the effect of 0 in the output is confined, such that it is difficult to reach state 0 . Thus, the system is unobservable.
Remark 7.
Matrices and of the above system (17) are observable in the interval [ 0 , 1 ], if and only if the observability matrix ∇ defined as (24) has full rank , where is the number of states. Notice that the observability matrix has dimension × , where is the dimension of the output vector .
Remark 8. Matrices and of the above system (17) are observable if and only if the observability Gramian matrix ( ) on horizon T defined as (25) has full rank and is positive definite.
If system (17) is asymptotically stability around the origin, the controllability and observability functions can be given by = minimize
Formal remarks for controllability and observability are white and black. In reality, some states are very calamitous to control or have little effect on the outputs. The degree of observability and controllability can be evaluated by the sizes of and with infinite time horizon:
Notice that and satisfy the following differential expression:
It is hard to directly calculate the Gramian matrices from expression (27) because they consist of an exponential matrix and an integral. If all the eigenvalues of have strictly negative real parts, as → ∞, there exists an easier way to calculate these matrices by solving the Lyapunov expression (29) below [47] , which can be solved using MATLAB via gram. The obtained solutions are the unique positive definite.
Obviously, expression (29) shows that (i) the property of observability Gramian matrix depends on the output matrix and state matrix ; accordingly, the output energy can be affected by properly choosing this matrix. (ii) The property of controllability Gramian matrix depends on the control matrix and state matrix ; accordingly, the control energy can be affected by properly choosing this matrix. (iii) When the system is only detectable, the Gramian matrices will be only some nonnegative definite matrices.
In particular, we can pose the problem seeking the minimum input energy (i.e., the control energy) that must derive system (17) from the initial state 0 to a final state at time = and this energy is defined by [34] = (exp ( ) 0 − )
Complexity 9 Clearly, expression (30) shows that minimizing is the same as maximizing the Gramian matrix . Furthermore, maximizing the transmitted total energy (potential and kinetic energy) from the actuators to the structure for a given input energy, it can be obtained as follows
where is the kinetic energy and is the potential energy. In this paper, we suppose that the input is a Dirac impulse that excites all frequencies and ( ) = exp( ) is the impulse matrix. Hence, the obtained energy is the weighted trace of controllability Gramian [34, 48] :
where is the th Hankel singular value. The decomposition of this value denotes spatial energy decomposition contained in the impulse response. The sum of the singular values denotes the energy total in which each of the singular value represents the energy in a particular direction. The optimal location is determined based on the maximization of the total energy of the system at the fault clearing time. Therefore, (32) is a basis for selecting optimal control input.
Hankel-Norm Method.
In order to compute easily, we focus on analyzing the infinite horizon Gramian. The Gramian matrices are computed by using expression (29) rather than solving expressions (21) and (25) . However, it may be more difficult for analyzing the Vietnamese power system because that is a large-scale network. With such networks, the number of state variables could be big, leading to lost time for computing. In reality, determining the optimal location, we just need the number of major state variables that play an important role in order to analyze the linear system on the small-signal stability. Therefore, in order to solve this problem, the order reduction method is applied based on the computation of controllability and observability Gramian matrices introduced in [36] .
Balanced Realization.
Considering system (17), in order to make effect for this study, the so-called similarity transformation must need to modify the state variables and matrices of the system, but the output and input behaviors remain unchanged, such that the controllability and observability Gramian matrices satisfy the following:
The so-called similarity transformation transforms the controllability and observability Gramian matrices in the following way:
However, the result turns out to be the invariant output and input behaviors, that is,
T −1 (i.e., it relates to the Gramian of the original system by ).
Expression (34) constructs a state-space transformation that is considered with the form ( ) = ( ); substituting this state-space transformation into (17), the new system can be obtained:̇(
Therefore, system (35) is a balanced form according to the given nonsingular transformation matrix to change the system in such a way that the controllability and observability Gramian matrices satisfy the following condition:
in which 1 , 2 , . . . , are real and positive numbers called the Hankel singular values and the transformation matrix is determined by using the algorithm [47] as shown in the Appendix.
Order Reduction Realization.
After obtaining the new system in a balanced form as shown in (35) , the order reduction can be performed. The first step is to choose the order of based on the purposes of reduction. The author in [36] has considered general situation that the Hankel singular values satisfy the condition, that is,
In this study, the system reduction is performed by eliminating all state variables corresponding to the Hankel singular values that are smaller than 10 −3 . Therefore, the system can be converted to the following order reduction form:
where If the number of inputs is more than that of outputs (the so-called all-pass dilation of the system), then, , , , and are replaced by T , T , T , and T , respectively [49] .
Thus, the components for the so-called all-pass dilation of the system are defined as follows:
where is a unitary matrix and is solution of the following expression:
According to the conclusion in [49] , the all-pass dilation of the system might be unstable. The final step is to compute the stable part of the all-pass dilation of the systems̃, ,̃, and̃based on the Hankel-norm method. As we consider a system that the number of inputs is more than the number of outputs, matrices̃,̃,̃, and̃can be replaced bỹT,̃T,̃T, and̃T based on the following error of approximation:
where ( ) and ( ) are the transfer functions of the original and the th -order reduced systems. Clearly, expression (41) shows that the largest error for all frequencies is equal to the Hankel singular value +1. It allows us to select a suitable value of . Therefore, the matrices of the reduced system are obtained as follows: 
Algorithm.
The main objective is to dampen the active power and generator angle oscillations in the power system when the active power perturbation occurs in the transmission line. The proposed algorithm is used to determine the optimal location of TCSC based on the Gramian critical energy, and the flowchart of the algorithm is shown in Figure 5 . The principles and details have been presented in Sections 3.1 and 3.2 and below is the interpretation.
First. Start.
Step 1. Place the TCSC controller in the line th ( = 1, 2,  3 , . . . , ).
Step 2. Run steady state.
Step 3. Generate the active power perturbation signal in the transmission line th ( = 1, 2, 3 , . . . , ) in which is large enough. For each contingency of the active power perturbation , the observed output and control input were analyzed.
Step 4. Compute the matrices , , and corresponding to the placement and the active power perturbation signal .
Step 5. Perform the order reduction for system based on the Hankel-norm method.
Step 6. Estimate the stable condition based on the state matrix ( ) to exclude the unstable cases. If the condition is satisfied, Step 6 will be performed, and, vice versa, Step 1 will be iterated.
Step 7. Compute the controllability Gramian matrix of the new system (after performing the order reduction) corresponding to the active power perturbation signal th.
Step 8. Iterate the steps from 2 to 7 for computing a set of the active power perturbations ( = 1, 2, 3, . . . , ).
Step 9. Compute the energy for each placement corresponding to a set of the active power perturbations ( = 1, 2, 3, . . . , ).
Step 10. Iterate the steps from 1 to 7 to calculate all the locations ( = 1, 2, 3, . . . , ).
Step 11. Compare the maximum total energy to evaluate the optimal placement for TCSC controller.
Finally. End.
Case Study
The Vietnamese 500/220 kV transmission system is used in the study to illustrate the effectiveness of the proposed method. This system consists of 29 substations of 500 kV, 162 substations of 220 kV, 16 double-circuit lines and 20 singlecircuit lines of 500 kV, 205 double-circuit lines and 67 singlecircuit lines of 220 kV, and 179 generator units. The generated total power is about 42,179 MW; the peak load demand is [50] , and all dynamic parameters are taken from [2] and the Vietnamese national load dispatch center (NLDC). The single-line diagram and the result of load flow calculation of the 500 kV voltage level are given in Figure 2 . The optimal placement of TCSC in the Vietnamese network is determined based on (i) a combination of the controllability Gramian critical energy with the order reduction method on the small-signal stability analysis applied to search for several feasible locations; (ii) the transient stability analysis performed to compare and determine optimal locations through various simulation cases.
In addition, the existing series compensation ratio on the Vietnamese 500 kV power system is considered to calculate and listed out in Table 1 .
Determine Feasible Locations.
The correctness of the proposed method for the optimal location of TCSC is verified on the small-signal analysis; the dynamic model of TCSC is chosen as shown in Figure 4 [34] . We suppose the compensation capacity of TCSC is set to the range [0.75, 1.2] of the uncompensated line. The active power perturbation signal in the line is considered as the input signal for the TCSC controller [51] . The optimal method in [38] was used to determine the parameters for the TCSC controller, and these parameters are listed in Table 2 [34]. The studied contingency cases of active power perturbation were selected from single-line outage cases on the basis of the real power flow performance index (PI) introduced in [36] , as follows:
where and max are the real power and rated power flow of the line , respectively, is the exponent, and is a the real nonnegative weighting factor for line . In this study, the value of the exponent was selected as 2.0 and 1.0 is the value of .
Observing from (43) that all the power flows in the lines are within their limits, PI is small and, vice versa, it reaches out a high value when there are overloads. The studied contingency cases are listed in Table 3 by using (43) ; this corresponds to the active power perturbation signal in the line of the Vietnamese network.
The Vietnamese 500/220 kV power system created the state matrix ( ) having dimension [2371 × 2371] that corresponds with 179 generator units. By performing the equivalence of 179 generator units into 45 equivalent generator units, the state matrix now has dimension [515 × 515]. A TCSC controller has three states as the transducer, washout, and lead/lag added in the system. Therefore, the state matrix dimension of the equivalent power system model is [518 × 518].
Once again, the state matrix of the system is reduced the dimension by applying the balanced order reduction method to eliminate the singular values that are smaller than 10 −3 . Figure 6 shows the eigenvalue of the system state matrix before and after using balanced reduction. Therefore, the state matrix ( 11 ) of the new system has the dimension [45 × 45]. 
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Case number
Active power perturbation signal in the line between buses (1)
NhoQuan-HoaBinh (NQ-HB) (2) VietTri-Pitoong (VT-PT) (3)
ThangLong-PhoNoi (TL-PN) (4) NhoQuan-SonLa (NQ-SL) (5) Pitoong-HoaBinh (PT-HB) (6) QuangNinh-HiepHoa (QN-HH) (7) HiepHoa-VietTri (HH-VT) (8) HiepHoa-Pitoong (HH-PT) (9) Pitoong-SonLa (PT-SL) (10) QuangNinh-ThangLong (QN-TL) (11) QuangNinh-PhoNoi (QN-PN) (12) QuangNinh-MongDuong (QN-MD) (13) ThuongTin-Nho Quan (TT-NQ) (14) ThuongTin-PhoNoi (TT-PN) (15) VungAng-HaTinh (VA-HT) (16) DaNang-ThanhMy (DN-TM) (17) SongMay-TanUyen (SM-TY) (18) SongMay-TanDinh (SM-TD) (19) NhaBe-PhuLam (NB-PL) (20) TanDinh-CauBong (TD-CB) (21) PhuLam-MyTho (PL-MT) (22) PhuLam-DucHoa (PL-DH) (23) DucHoa-MyTho (DH-MT) (24) MyTho-DuyenHai (MT-DH) (25) OMon-MyTho (OM-MT) (26) VinhTan-SongMay (VT-SM) (27) PhuMy-NhaBe (PM-NB) (28) CauBong-PhuLam (CB-PL) (29) NhaBe-MyTho (NB-MT) (30) CauBong-DucHoa (CB-DH) (31) SongMay-PhuMy (SM-PM) Figure 7 shows the frequency response of the system before and after using balanced reduction. Obviously, the input-output behaviors of the system in both cases at the bandwidth range from 10 −∞ to 10 5 are the same with the same control signal. The bandwidth has a range from 10 5 to 10 ∞ ; the frequency response of the reduced system is flat (a straight line) since its order is smaller than the original system. Therefore, we can conclude that two systems are equivalent in terms of the input-output behaviors. eigenvalues distribution of the system before and after using balanced reduction is plotted in Figure 8 . Therefore, the reduced system has 45 state variables, which can fully meet effects of the network to calculate the Gramian matrices.
The controllability Gramian energy indices were determined based on the proposed algorithm as shown in Section 3.3 and the active power perturbation signals in the line as listed in Table 3 when the transient horizon is equal to infinity ( = ∞) are given in Table 4 , in which we only give several feasible locations having the high total energy value. From this table, it can be seen that the line PLei-CB is the suitable location for TCSC controller because it has the maximum total energy value; it means that the energy needed to drive the controllable state variables is smaller than other cases. Therefore, the line between buses PLei and CB is considered as the best location to install the TCSC controller.
Retest Transient Stability.
To verify the effectiveness of the proposed method, several dynamic cases are analyzed based on the transient stability to compare the suitable location (the line between buses PLei and CB) and other feasible ones (as shown in Table 4 ). The optimal location of the TCSC controller is determined based on the rotor angle oscillation damping of the generator units having the large output power and the active power damping of the transmission line. In addition, the power distribution on Table 3 Total energy of (1) 500/220 kV system at maximum and/or minimum load is considered. For maximum load, the transferred power on the 500 kV system from the North and Central to the South is very high. Thus, when the three-phase fault occurs on the lines such as Vungang (VA)-Danang (DN), and PLeiku (PLei)-DiLinh (DL), the system lost serious stability. The three-phase fault scenarios are considered in this study as listed in Table 5 and can be summarized briefly as follows.
Scenario Number 1.
A solid three-phase fault occurs at 1 sec on the line 500 kV DN-VA of circuit 1, close to the bus 500 kV DN, and is cleared after 0.15 sec by tripping the faulted line. 
500 kV CB 500 kV TD-CB (4) 500 kV NQ 500 kV NQ-TT Scenario Number 2. A solid three-phase fault occurs at 1 sec on the line 500 kV PLei-DL, close to the bus 500 kV Plei, and is cleared after 0.15 sec by tripping the faulted line.
Scenario Number 3.
A solid three-phase fault occurs at 1 sec on the line 500 kV TD-CB, close to the bus 500 kV TD, and is cleared after 0.15 sec by tripping the faulted line.
Scenario Number 4.
A solid three-phase fault occurs at 1 sec on the line 500 kV TT-NQ, close to the bus 500 kV NQ, and is cleared after 0.15 sec by tripping the faulted line.
Case 1. The simulation was done on scenario number 1 based on the relative angle oscillations of generator, supposing that the system has been operating at maximum load in order to compare the difference locations of TCSC (that are on the lines PLei-CB and PLei-TM) and without TCSC. improved compared with that in the two another locations. This could easily be construed from Table 4 : the total energy value when TCSC is placed in the line PLei-CB is the larger. Table 4 , it can be seen that the other feasible locations (DakN-CB and PLei-DL) have the second and third highest total energy values, respectively. The third simulation was carried out for scenario number 3 to compare these feasible locations with the suitable location (PLei-CB). In this case, the system is considered as operating at maximum load. Figure 11 plots the system response as the relative angle oscillations of generators (VinhTan and DuyenHai) and the active power oscillations in the lines (HaTinh-VungAng and PLeilu-ThanhMy). It can be observed from Figures 11(a)-11(d) that with TCSC placed in the line between PLei and CB the oscillations are damped faster compared with two other instances. Evidently, the effect is obtained in terms of oscillation damping from other two feasible locations to be the same because they have the same value of total energy value. Figure 11 (e) shows the response of TCSC controller; it can be observed in this figure that the TCSC has injected the reactance to the grid during the period of fault and that the best influence is obtained in terms of reactive power flow output of TCSC when it is placed in the line PLei-CB. Table 4 , the highest total energy value was obtained on the electric power supply system in the Northern region corresponding to the TCSC controller placed in the line NQ-HT. Contrarily, in this controller placed in the line Plei-CB, the highest total energy value was obtained on the electric power supply system in the Southern region. This simulation case was done on scenario number 4 to compare two locations having the highest total energy value at two regions. In this case, we suppose that the system has been operating at maximum load. Figure 12 plots the relative angle oscillations of generators QuangNinh and VinhTan. Evidently, it can be observed from this figure that TCSC is placed in line PLei-CB; oscillations are damped faster compared to placement in the line NQ-HT despite the far Case 5. Also, for comparison of the other locations, the simulation for this case was done on scenario number 2, supposing that the system has been operating at minimum load. Figure 13 plots the transient response of the system. For maximum load, the transferred power on the 500 kV system from the North region to the South region is very high. Consequently, the amplitude deviation of the generator rotor angle and active power oscillations is very large. However, for minimum load, this deviation is negligible but it is still accordant with the proposed method. It could be seen from Figure 13 that the best effect is obtained in terms of oscillation damping of the generator rotor angle of SonLa and the active power in the lines of NhoQuan-SonLa and HaTinhVungAng.
Case 3. From
Case 4. Observing from
Conclusions
In this paper, a relevant stochastic method for the optimal placement of TCSC controller has been presented to enhance the rotor angle stability and dampen the power system oscillations in the multimachine systems. This proposed method is developed from the energy approach based on the controllability and observability Gramian matrices of the linearized multimachine systems. The optimal placement depends on the trace indices of the Gramian matrices that have been calculated on the active power perturbation in the line of the network (for this study, the applied network is the Vietnamese 500/220 kV power system).
The optimal placement for TCSC controller is determined based on the Gramian critical energy values that have been calculated on the small-signal stability analysis. However, the acquired results showed that the power system could operate perfectly under the influence of the transient conditions.
The time-domain simulation results on the transient stability analysis show that the rotor angle oscillations of generator and the power oscillations in the line are significantly dampened when the TCSC is placed in the line between PLeiku and CauBong, which has the maximum total energy value.
The Gramian-based reduction method has been also introduced for the purpose of reducing the calculation time of the Gramian critical energy when dealing with the largescale power systems.
